Control of magnetization and its dynamics in nanomagnets by injecting an electrical current is increasingly important [1, 2] . Operations based on spin transfer torque (STT) are energy efficient with superior scalability for high density device applications compared to conventional methods employing magnetic fields [3] [4] [5] [6] . A promising application of STT is non-volatile magnetic random access memory (MRAM) [7, 8] . Key parameter here is magnetic damping; it determines the critical switching current and speed of magnetization reversal [2, 9] . Hence, a magnetic material with tunable low damping is needed. Magnetic relaxation is primarily due to spin-orbit coupling (SOC) however, materials and device guidance from theoretical calculations is hindered by the complicity of inter-and intraband scattering, defects, disorder, interface effects, and geometrical confinement [10, 11] . A practical criterion for engineering magnetic damping is α ∝ ξ 2 D(E F ) [12, 13] , where ξ is the SOC parameter and D(E F ) the density of states (DOS) at the Fermi level. Although Fe, Co and Ni render the window for tunable SOC in 3d-based materials formidably narrow, there have been encouraging developments through the correlation between damping and electronic structure, as demonstrated in FeV and CoFe binary alloys [14, 15] . Still, reducing and tuning magnetic damping in metallic materials can be difficult due to magnon scattering by high density conduction electrons [10] . Notably, the lowest reported damping for CoFeB, the material employed by industry for MRAM development, is approximately 0.004 [16, 17] .
Half-metallic Heusler alloy is a semiconductor for one spin projection and a metal for the other [18] hence, the band structure is expected to result in high spin polarization and low damping [19] [20] [21] [22] [23] . Both properties are favorable for STT [9] . However, except for a few Co-based Heusler alloys, the damping constant is larger than for Fe films (0.002), probably due to band broadening by structural defects, chemical disorder and magnon excitation [13, [24] [25] [26] [27] [28] . Furthermore, Heusler alloys usually exhibit large anisotropy in the ferromagnetic resonance (FMR) linewidth [26, 29] , which may lead to large variation in performance among devices. Therefore, tuning and reducing intrinsic damping, and a minimum extrinsic magnetic relaxation are required for reliable operations. Fe-based Heusler alloys are expected to possess half-metallic band structure [30] . Also, these materials hold great promise for high interfacial perpendicular anisotropy [31] , an indispensable * These authors contributed equally property for next generation STT-MRAM, at a Fe-MgO interface [32, 33] . However, a comprehensive magnetization relaxation study is still lacking for Fe-based Heusler alloys.
Here, we tune the band structure of Fe 2 Cr 1−x Co x Si (FCCS) by Co doping (x). Dynamic and static properties were investigated using angle-resolved broadband FMR. We show ordered states (B2 and L2 1 ) exhibit considerably lower damping compared to disordered states (A2). Crucially, Co doping allows control of the intrinsic damping constant by an order of magnitude (1 × 10 −2 − 8 × 10 −4 ). Furthermore, both isotropic and anisotropic extrinsic contributions to the in-plane magnetization relaxation of quaternary FCCS can be significantly reduced for x between 0.5 and 0.75.
B. EXPERIMENT
The samples were prepared in an ultra-high vacuum magnetron sputtering system with base pressure 10 −7 Pa. Prior to deposition, the MgO (100) substrate was heated at 600 • C for one hour. Subsequently, a 40nm Cr buffer layer was deposited followed by one hour in-situ annealing at 700 • C . The quaternary Heusler alloy FCCS (30 nm) layer with variable Co doping, was deposited by cosputtering Fe 2 CrSi and Fe 2 CoSi. The deposition speed of individual target, hence the nominal value of x, was tuned by adjusting the sputtering power. Total deposition rate was approximately 0.3 âĎń/s for smooth growth. An in-situ annealing procedure was performed at T ia for 30 minutes to develop ordered B2 or L2 1 structures. A series of T ia (350-500 • C) was used for x=0.5 whereas T ia was fixed at 450 • C for all other samples. Finally, the FCCS layer was capped by Ru (3 nm) to avoid oxidation.
Our homebuilt angular-resolved FMR system equipped with an Agilent E8361C vector network analyzer (VNA) can measure with frequency up to 40 GHz. We use grounded coplanar waveguide with a nominal impedance of 50 Ω and a center conductor of width 100 µm [16] . A customized sample holder is attached to a motorized stage for out-of-plane field rotation. In addition, an inplane sample manipulator is used to rotate and mount the sample face down on the waveguide automatically. The accuracy of in-plane and out-of-plane field orientations is better than 0.1 degree. Using angle-resolved broadband FMR, we determine the intrinsic damping by measuring with magnetization perpendicular to the film plane, whereas the anisotropy in magnetization relaxation was investigated by varying the magnetization orientation within the film plane.
C. RESULTS AND DISCUSSION

Structure and chemical ordering
As shown in Fig. 1(a) , there are three structures in a FCCS Heusler alloy film according to their atomic ordering: fully ordered full-Heulse L2 1 structure, partially disordered B2 and fully disordered A2 structures.
FCCS(002) peaks of XRD θ − 2θ scans of Fe 2 Cr 0.5 Co 0.5 Si films ( Fig. 1(b) ) indicate that or- B2 phase characterized by Y-Z atomic disorder in Fe-based X 2 YZ full Heusler alloy is also favorable for device applications since it smears the DOS spectral shapes, does not degrade half-metallicity significantly and has little influence on damping [30, 35, 36] . Our first principles calculations (See Supplemental Material S3 for calculation methods) have shown that the band structures of L2 1 FCCS were sucessfully tuned by Co concentration. As can be clearly seen from Fig. 1(e) , Fe 2 CrSi and Fe 2 Cr 0.75 Co 0.25 Si exhibit half-metallicity whereas for x 0.5, the minority band DOS at the Fermi level is non-zero and increases with x. On the other hand, the total DOS at Fermi level dominated by the majority band decreases monotonically with x. Room temperature out-of-plane FMR spectra were taken with ϕ H = π/4. Fig. 2(a) shows FMR data for Fe 2 Cr 0.5 Co 0.5 Si at different T ia . Stronger signals and narrower peaks are observed for T ia > 400 • C. The narrowest spectrum is for T ia = 450 • C , in correspondence with the structure and magnetization measurements [37] . The resonance field H Res and full width at half maximum (FWHM) △H were extracted by modified Lorentz fit (See Supplemental Material S2 for fitting method). The frequency dependences of H Res are shown in Fig. 2(b) . The Kittel equation describing the resonance condition for out-of-plane configuration is given by
indicating the linear relation between resonance frequency and field Here γ= g · e/2m e is the gyromagnetic ratio determined by Lande g factor, electron charge e and mass m e . 4πM eff the effective saturation magnetization
u is the perpendicular anisotropy and H k the anisotropy field. The data are well fitted by straight lines. Using the slope, intercept of the fit, and M s which we measure using a vibrating sample magnetometer (See Supplemental Material Fig. S2 ), we determined the value of g, 4πM eff and K ⊥ u . As seen from Fig. 2(c) , the films possess a negative K ⊥ u (easy axis in the film plane). We find the corresponding H k to be of the order of kOe, considerably larger than the in-plane anisotropy field, which we discuss later. We believe K ⊥ u originates from interfacial stress and varies with T ia due to the annealing temperature dependence of ordering and lattice constant [24] . Fig. 2(d) indicates the FMR linewidth increases linearly with frequency for all samples. This allows the determination of damping constant α through:
Here, α is the coefficient of the viscous phenomenological dissipation term after Gilbert [38] . ∆H 0 is the inhomogeneous broadening due to the dispersion of magnetic properties. The damping constant for FCCS film with optimal L2 1 and B2 phase is (2.6 ± 0.3) × 10 −3 , i.e., 40 percent the value of A2 phase ( (6.5 ± 0.2) × 10 −3 , Fig. 2(e) . The results indicate the ordered half-metallic phase has lower damping, suggesting atomic chemical disorder enhances damping [10] . Clearly, annealing at T ia ≥ 400 • C improves sample uniformity as inferred from the T ia dependence of ∆H 0 .
Co doping dependence of magnetization relaxation of Fe 2 Cr 1−x Co x Si.
The out-of-plane FMR results with a magnetic field up to 2.1 T for a series of FCCS samples are shown in Fig. 3 . All samples were annealed at T ia =450 • C. Again, we find linear frequency dependences of the linewidth. The perpendicular anisotropy constant and damping values shown in Fig. 3(b) and (c) were determined using the same procedure described earlier. K ⊥ u increases with x may be attributed to the Co doping dependence of tetragonal distortion [39] , determined a factor of four with increasing x. The lowest relaxation frequency (30 MHz) observed in Fe 2 CoSi (Fig. 3(d) ) is comparable to that in FeV films [14] . The offset to smaller α and G for x=0.5 is because T ia was optimized at this particular value of x. Hence, damping can be reduced further by fine tuning growth conditions. Magnetic damping depends on SOC and DOS G ∝ ξ 2 D(E F ) [42] . Low ξ in Heusler compounds because of quenching of orbital moments [13] and suppression of inter-band scattering [11] due to relatively high spin-polarization band structure may account for the overall low damping. On the other hand, the x-dependence of relaxation frequency is due to band structure engineering as shown in Fig. 1 (d) , indicated by the simultaneous decrease of relaxation frequency and total DOS at the Fermi level with x. A small misalignment may be due to band broadening by defects and chemical disorder.
Similarly, according to Du et al., the Fermi level of FCCS ingots moves from the bottom of conduction band to the top of valence band with increasing x for the minority band. [43] The observed band structure tuning effect of Fe-based Heusler alloys also agrees with earlier investigations on Co-based Heusler compounds. [28] Anisotropic magnetization relaxation of Fe 2 Cr 1−x Co x Si.
Using out-of-plane FMR measurements, we determined the intrinsic damping by purposely suppressing the extrinsic contributions causing non-linear frequency dependence [16, 17, 44] . In practical applications, the relaxation mechanism for magnetization in the film-plane is of primary importance. Hence, we investigated the FCCS samples using in-plane magnetic field. The azimuthal angle (ϕ H ) dependence of resonance field shows four-fold symmetry (Fig. 4(a) ), indicative of a dominant in-plane cubic magneto-crystalline anisotropy. Uniaxial anisotropy on the other hand, is negligible. The in-plane magnetic easy axis is along [110] of the substrate as the minimum of resonance field occurs at ϕ H = π/4 and ϕ H = 3π/4, along which the lattice constant of FCCS matches MgO. We fit the data using the following equation derived from Smit-Beljers formula [45, 46] :
where The anisotropy in the linewidth may be attributed to angle dependent damping [47] or an extrinsic origin [24] . Recent calculations show that anisotropy in intrinsic damping is small at room temperature [48, 49] . Therefore, extrinsic linewidth broadening mechanisms, such as angle dependent inhomogeneous contribution and spin wave scattering should be considered. In general, the measured linewidth is the sum of intrinsic and extrinsic contributions [47, 50, 51] :
The first term on the right-hand side is the intrinsic linewidth ( Fig. 5(a) ). For non-collinear magnetization and external field (ϕ H = ϕ M ), the magnetization direction changes during field sweep, giving additional broadening to the intrinsic linewidth. In the present case of a relatively small in-plane anisotropy, the effect is calculated numerically to the first order using the resonance field together with the equilibrium condition for magnetization [47, 50, 52] :
The second and third terms are due to dispersion of the effective magnetization and anisotropy field, respectively (Fig. 5(b) ). The partial derivatives are evalued numerically at the resonance condition. The last term accounts for two magnon scattering (TMS) [53, 54] activated by defects such as dislocations (See Supplemental Material Fig. S4 for TEM results), representing relaxation of the uniform mode to spin wave modes of non-zero wave vector (Fig. 5(c) ). We fit the data in Fig. 5d by adopting a phenomenological form of TMS linewidth ∆H T M S = Γ 1 + Γ 2 cos 2 (2ϕ M − φ max ) [24, 26] . Here, Γ 1 and Γ 2 are the isotropic and anisotropic TMS amplitude, respectively. The anisotropic term correlates to defects of preferential orientation [55] . φ max is the orientation along which the 2D Fourier transformation of defects potential shows a maximum. We fit the data for all Co dopings. The extracted parameters are shown in Fig. 6(a) and (c) . Although the anisotropic extrinsic damping of FCCS appears universal in Hesuler alloys [29] , when compared to Fe 2 CrSi and Fe 2 CoSi, is considerably lower and almost vanishes for 0.5 ≤ x ≤ 0.75.
To study further the extrinsic relaxation and its anisotropy, we measured the frequency dependence of FMR linewidth for magnetization along the in-plane easy MgO[110] and hard MgO[100] axes. Fig. 5 (e) depicts significant differences between the two magnetization orientations observed only for x =0 and x =1, in agreement with the angular dependence data. On the other hand, a non-linearity as a signature of TMS, was observed in all samples. We calculated the magnon wave vector ( k 0 ) at which the spin wave energy degenerates with the uniform modes ω(k 0 ) = 2πf for a given propagation direction ϕ with respect to magnetization in the film plane [55, 56] . The total contribution to TMS was then estimated using [57, 58] : 
where df /dk was evaluated at k 0 and ∂f /∂H calculated from the FMR resonance conditions. The anisotropy in TMS (∆K) is maximum for x=1 and negligible for x around 0.7. Furthermore, we obtain a relatively small anisotropy of TMS for x=0, as expected from the weak non-linearity of the two curves shown in the top panel of Fig. 5(e) . However, the results appear inconsistent with the phenomenological fit shown in Fig. 6(a) . We attribute this to orientation dependent long range inhomogeneity in the sample, apparent also from the large zero frequency broadening (∆H 0 ) in Fig. 3(a) for x=0. Here, the phenomenological fit cannot separate the angular dependence of inhomogeneous broadening from four-fold TMS hence, overestimating the TMS contribution for x=1. Nevertheless, both the frequency dependence and angular dependence of the linewidths are in agreement, confirming that the isotropic and anisotropic extrinsic damping constants of FCCS are significantly reduced for x=0.5-0.75. Therefore, in FCCS with 0.5 ≤ x ≤ 0.75, low damping and nearly isotropic response are promising for practical applications.
In summary, we studied the structure order and composition dependence of magnetization relaxation in Fe 2 Cr 1−x Co x Si Heusler alloy thin films. We show the ordered phase has a low intrinsic damping, tunable by Co doping. Notably, the anisotropic extrinsic relaxation of the quaternary alloys can be significantly reduced for FCCS films with x =0.5~0.75. Furthermore, perpendicular and in-plane magnetic anisotropy show nearly linear dependence on Co doping. The present work demonstrates the tunable nature of both static and dynamic magnetic properties of Fe-based Heusler alloys. The engineered low damping constant in Fe 2 Cr 1−x Co x Si thin films encourages the utilization of Heusler alloys in room temperature spintronics.
